propyl)phosphinic acid derivative 6" was esterified with diazomethane, and the resulting phosphinyl ester was subjected to base-catalyzed conjugate addition to methyl acrylate to give the phosphinate 7. Conjugate addition of phosphinic acids to a, /3-unsaturated esters is also conducted via bis (trimethylsilyl) esters,12 but the base-catalyzed addition of alkyl phosphinates in an alcoholic solvent proceeded smoothly at lower temperatures. Hydrogenolysis of the amino protective group of 7 followed by coupling with the y-glutamyl chloride 813 gave the fully protected phosphinate 9. Deprotection of 9 followed by ion-exchange chromatography on Dowex 50W (H4-form, eluted by H2O) gave the phosphinate 1 as a diastereomeric mixture (la) or as a single stereoisomer (lb and c). The (R)-configuration at the a-aminophosphinate moiety (lb) corresponds to the natural form of L-Cys. The phosphinate 2 without the terminal carboxy was synthesized by alkylation of the phosphinyl ester with iodobutane, followed by the same deprotection and purification as for la. The alkylation of phosphinic acids is also effected via the corresponding bis(trimethylsilyl)phosphinyl esters.14 The phosphonates 3-5 were synthesized from a-aminophosphonate 1115 as a common precursor (Scheme 2). The three-component condensation involving an aldehyde, an amide and a trivalent phosphorus is a general route to aaminophosphonic acids.14-16 The diphenyl phosphonate 11 was partially hydrolyzed and esterified with 1-butanol or methyl glycolate via the phosphonic monochloride 12 to give the mixed diesters 13 and 14 in high yield. Contrary to the phosphinates 7 and 10, the Z group in the phosphonates 13 and 14 was not rcmovcd by hydrogcnolysis, but was removed by 25% HBr/AcOH. The subsequent condensation with 8 gave the protected phosphonate 15 and 16, respectively. The phenyl ester of 15 was selectively hydrolyzed, and the same deprotection and purification procedure as for la gave the phosphonate 3 in high yield. However, the alkaline hydrolysis of 16 under the same conditions gave a mixture of monoglycolate ester 17 and the phosphonic acid 18 in 2:1 ratio. This is probably due to the intramolecular assistance of the glycolate moiety via a five-membered cyclic phosphonate intermediate to facilitate the cleavage of its own P-0 bond.17 After deprotection, the phosphonates 4 and 5 were separated by ion-exchange chromatography on Dowex 50W.
The inhibitory activities of 1-5 were examined. The phosphinate la was a remarkably potent and irreversible inhibitor of GSHase. Treatment of GSHase with la and ATP caused time-dependent inactivation of the enzyme (Figure 2 ). Interestingly, no enzyme inactivation was observed without ATP, whereas complete inactivation resulted when both la and ATP were present. An extremely high affinity of the inhibitor (Ki = 53 nM) as well as a large inactivation rate suggested that the phosphinate la was a transition-state analog inhibitor. The inactivated enzyme, however, regained activity very slow- ly (t112 = 53 hr), indicating that a very tight binding rather than a covalent bond was involved in the enzyme inactivation. As expected from the natural substrate (y-Glu-L-Cys), the (R)-phosphinate lb related to L-Cys was an extremely potent and time-dependent inactivator with a K1 of 21 nM, whereas the (S)-phosphinate lc related to D-Cys was a poor inhibitor without causing enzyme inactivation (18% inhibition at 39 ,uM). The X-ray diffraction analysis of GSHase complexed with la (a mixture of diastereomers) and ATP has clearly shown that the enzyme inactivation was caused by the formation of the phosphorylated phosphinate 19 and ADP formed by the reaction of lb and ATP within the enzyme active site ( Figure 3 ). The structure and formation of this species is closely related to the reaction mechanism of GSHase itself: the phosphorus oxyanion (P-0-) of lb is phosphorylated by ATP in a mechanism-based manner to form 19, which is highly analogous to the putative transition state. Therefore, the interactions between 19 and the amino acid residues in the enzyme active site represent the key interactions provided by the enzyme to stabilize the transition state ( Figure 4 ). The formation of a tightly bound species like 19 is generally observed with a series of phosphinate-based inhibitors of the ATP-dependent ligases which share the same reaction mechanisms such as glutamine synthetase,18 D-Ala: D-Ala ligase19 and a series of peptidoglycan biosynthetic enzymes (Mur ligases)20 Interestingly, the other phosphorus analogs 2-5 as well as the phosphinate lc were all rather poor inhibitors (7-70% inhibition at 40 tM of inhibitor). No time-dependent inactivation was observed even with the phosphonate 4, which is highly analogous to the phosphinate la. The poor inhibitory activities of these inhibitors can be interpreted by the lack of the mechanism-based phosphorylation noted above. Thus, the wrong configuration at the a-carbon (for lc) or the lack of the terminal carboxy group (for 2) probably did not allow the inhibitors to bind properly to undergo phosphorylation. The introduction of an electronegative oxygen next to the phosphorus as in the phosphonate 4 withdraws the electron from the P-0-oxygen,21 thereby reducing the nucleophilicity required for the phosphorylation. The latter is probably the most convincing explanation as to why phosphonate-based inhibitors are always much less potent than the corresponding phosphinate as inhibitors of ATP-dependent ligases. 2.2 y-Glutamylcysteine Synthetase22 y-Glutamylcysteine synthetase (y-GCase) catalyzes the first step in glutathione biosynthesis, condensing L-Glu and L-Cys in an ATP-dependent manner to form y-Glu-Cys.7 This is the rate-determining step in glutathione biosynthesis, and the inhibition of this enzyme is particularly important from the chemotherapeutic point of view.6'
The chemistry of this enzymatic reaction is very similar to that of GSHase: the reaction is thought to proceed via the initial formation of a y-glutamyl-phosphate intermediate, followed by the nucleophilic substitution by L-Cys to form y-Glu-Cys, ADP and Pi ( Figure 5 ). 6 The author designed a series of transition-state analogs 20-22, where a tetrahedral phosphorus or sulfur atom is placed at the position corresponding to the carbonyl carbon to be attacked by L-Cys in the transition state. A rather unusual structure of sulfoximines (also referred to as sulfoximides) as used in 22 was was achieved by using ethyl (diethoxymethyl)phosphinate (23)26 as a starting material. The diethoxymethyl group attached to phosphorus serves as a "masked hydrogen",27 and after the first C-P bond is formed with the P-H functionality of 23, acid hydrolysis unmasks the second P-H for constructing the second C-P bond. Thus, the compound 23 was subjected to base-catalyzed conjugate addition to ethyl 2-ethylacrylate. 28 Complete acid hydrolysis of the resultant phosphinate 24, followed by esterification with diazomethane gave the hydrogen phosphinic acid dimethyl ester 25. The second C-P bond was formed by an epimerization-free radical addition29 of the phosphinate 25 to the vinylglycine derivative 263°, giving the fully protected phosphinate 27. Alkaline hydrolysis followed by hydrogenolysis afforded the phosphinate 20 as a 1:1 mixture of diastereomers. The sulfone 21 was synthesized from L-homocystine by reduction with dithiothreitol, base-catalyzed conjugate addition to ethyl 2-ethylacrylate, and subsequent hydrolysis in one flask, followed by the oxidation of the resultant sulfide 28 with H202 (Scheme 4). The sulfoximines 22a-h were synthesized as shown in Scheme 5. Methyl 3-hydroxypropanoate was alkylated,' and the corresponding alcohols were converted to the iodides 29c-g. The (S)-thiol 30 derived from Lhomocystine was alkylated by the iodides 29c-g or by conjugate addition to the a-substituted acrylic acid esters CH2=C(R)CO2Me (R = H, Me and CH2OH32) to give the sulfides 31a-h. Subsequent oxidation with NaI04 provided the sulfoxides 32a-h. In this stage, an additional chiral center was generated at the sulfur atom, but a mixture of the diastereomeric sulfoxides 32a-h was treated as such with O-mesitylsulfonylhydroxylamine (MSH)33 to introduce the imino nitrogen at the sulfur atom. A part (ca. 10%) of the product sulfoximines 33a-h was cyclized spontaneously to yield the cyclic sulfoximines 34a-h. This side reaction, however, was used successfully to eliminate the risk of C-S bond cleavage by /3-elimination, which might accompany the direct alkaline hydrolysis of 33a-h. Thus, the cyclization of 33a-h was promoted by heating under acidic conditions to yield 34a-h. Two sets of diastereomers of 34 with respect to the chiral sulfur and the chiral carbon /3 to the sulfur atom could be separated in this stage, and this was done for the synthesis of the stereoisomers of the sulfoximine 22c (vide infra, Scheme 7). For the present purpose, the diastereomers of 34a-h were subjected to hydrogenolysis without separation. The a-methyl ester was also cleaved during the hydrogenolysis to afford the cyclic sulfoximine 35a-h in one step. Mild alkaline hydrolysis of 35a-h gave the sulfoximines 22a-h quantitatively. The sulfoximines 22a-h were isolated as an ammonium form to prevent the spontaneous cyclization which is apparent under weakly acidic conditions. The sulfoximines obtained were composed of almost equal amounts of two (for 22a) or four (for 22b-h) diastereomers.
The phosphinate 20 inhibited y-GCase in a time-and ATP-dependent manner as observed with the inhibition of GSHase by la. However, the inhibition was rather weak (Ki = 5.0 uM), and the enzyme regained activity rapidly by dilution (t112 = 3 min). As expected from the structure incapable of phosphorylation, the sulfone 21 did not inactivate the enzyme, and a moderate reversible inhibition was observed (K, = 9.2 ,uM). On the other hand, the sulfoximine 22c was an extremely potent inhibitor: the enzyme was inactivated rapidly in a time-dependent manner, and the inactivated enzyme regained activity very slowly (t112 = 11 days). It is evident that the mechanism-based phosphorylation of the nucleophilic nitrogen (S=NH) is involved. The inhibition potency of 22c as measured by the inhibition constant (Ki) was more than 50-times greater than that of the phosphinate 20. This is probably due to the stable nature of the inactivation product, the phosphorylated sulfoximine 37, as compared to the putative phosphoric-phosphinic anhydride 36
formed by the phosphorylation of 20. In addition, the sulfoximine 22c was more than 500-times as potent as BSO, a well-known inhibitor of y-GCase, indicating that the carboxy group in 22c is highly important for the inhibition. This means that the carboxy group of Cys is a major recognition element in stabilizing the transition-state by the enzyme, because the sulfoximine 22c mimics the transition state for the substitution by Cys. In this regard, the Ki values of the sulfuxiliiiiies 22a-h directly reflect the degree of transitionstate stabilization by the enzyme for the respective amino acids as substrate. Thus, the sulfoximines 22a, b, c, d, e, f, g, h and BSO represent the transition state for the reaction with Gly, Ala, a-aminobutyrate (a mimic of Cys), norvaline, norleucine, a-aminohexanoate, Phe, Ser and 1-aminopropane, respectively, as substrate. Most of the sulfoximines, except for 22f and g, caused time-dependent inhibition, and the degree of inhibition was highly dependent on the size of the side chain. Table 1 shows the inhibition constants (Ki) and the free energy difference (AO for the binding of the inhibitor calculated from Ki. The inhibition potency was highest with 22c (R = Et), but decreased sharply and almost constantly in terms of the binding energy as the size of the side chain (R) increased or decreased. The contribution of the side chain (Et) in transition-state stabilization was almost the same as that of the carboxy group (22a vs. BSO). Actually, the relative potency of the inhibitors (Ki) well agrees with the substrate specificity (kcat/Km)34 of y-GCase in terms of free energy. Therefore, the sulfoximines 22a-h as good analogs of the transition state tell us in energetic terms how the enzyme recognizes the substrate in the transition state. The strong and time-dependent inhibition observed with 22c was probably due to the formation of the N-phosphoryl sulfoximine 37. Thus, the compound 37 was synthesized chemically to examine its stability and inhibitory activity. A similar synthetic route to that of 22c was employed (Scheme 6). The benzyl-based protecting groups were used throughout the synthesis, because the phosphorylated sulfoximine nitrogen is no longer capable of such a cyclization as observed with the sulfoximine 33. In addition, the simultaneous cleavage of the (NO2)Z and the a-methyl ester by hydrogenolysis seemed to be unique to the cyclic sulfoximine 34. Thus, the sulfide 38 prepared from L-homocystine and benzyl 2-ethylacrylate28 was oxidized successively with NaIO4 and MSH to obtain the sulfoximine 39. In this case, no spontaneous cyclization was observed. The imino nitrogen of 39 was phosphorylated by o-xylylene /V,N-diethylphosphoramidite35 and 1H-tetrazole followed by oxidation to give the N-phosphoryl sulfoximine 40. All benzyl-based protecting groups were cleaved simultaneously to afford the N-phosphoryl sulfoximine 37. The N-P bond was hydrolytically stable even under an acidic condition, and the compound 37 was purified by ion-exchange chromatography on Dowex-50W (H+ form) without decomposition. The stable nature of the ( 69 ) S=N-P bond gave a clue to the design of a potent inhibitor of asparagine synthetase (vide infra, compound 51). As expected from the inhibition scheme involving phosphorylation, the N-phosphoryl sulfoximine 37 inhibited y-GCS as strongly as the sulfoximine 22c (Ki = 0.16 04), but still showed a time-dependent inhibition. This is due to the cooperative binding of 37 and ADP. Actually, compound 37 alone did not cause enzyme inactivation, while the addition of ADP caused facile enzyme inactivation. These results agree with the inhibition scheme that the sulfoximine 22c is phosphorylated in a mechanism-based manner to form a tightly bound ternary complex comprising of the enzyme, 37 and ADP to inactivate the enzyme.
Knowing that the mechanism-based phosphorylation of the sulfoximine nitrogen (S=NH) is highly important for strong inhibition, we synthesized two diastereomeric sulfoximines (S, R)-and (S, S)-22c with respect to the chiral sulfur atom (Scheme 7). The common (S)-carbon center, which corresponds to L-Cys, was constructed by diastereoselective aldol condensation36 of formaldehyde and the dibutylboron enolate derived from the chiral N-butanoyloxazolidinone 41. The desired (R)-alcohol 42 was isolated and reacted with the thiol 30 via the iodide 43 to afford the sulfide 44 with (S)-configuration at the /3-carbon. Stepwise oxidation with NaI04 and MSH gave the distereomeric sulfoximine 45. At this stage, the separation of the diastereomers was not possible. However, the cyclization of 45 by removal of the chiral oxazolidinone followed by acid cyclization successfully separated the diastereomers with respect to the chiral sulfur atom to afford (S, R)-and (S, S)-34c. Each stereoisomer was subjected to hydrogenolysis followed by mild alkaline hydrolysis to yield the single stereoisomer of the sulfoximines, (S, R)-and (S, S)-22c.
The sulfoximine (S, R)-22c with (R)-sulfur served as an extremely powerful inhibitor and inactivated the enzyme in a time-and ATP-dependent manner (Ki = 39 nM). The inhibitory activity of (S, R)-22c was more than 1000-times greater than that of BSO. On the other hand, (S, S)-22c with (S)-sulfur was a simple reversible inhibitor with much lower inhibition potency (Ki= 12 yM). The inhibition profile of (S, S)-22c was quite similar to that of the sulfone 21 (reversible inhibition, Ki = 9.2 4uM). The active site geometry of E. coli y-GCase probably allows the phosphorylation of (S, R)-22c solely, while the sulfone 21 and (S, S)-22c are incapable of phosphorylation due to the lack and the unfavorable orientation of the nucleophilic nitrogen, respectively.
Another target for an inhibitor of y-GCase is the y-glutamyl-phosphate intermediate ( Figure 5 ). The phosphonodifluoromethyl ketone 46 was synthesized as a mimic of such intermediate (Scheme 8). The electronegative CF2 would serve as a better mimic of the bridging oxygen than CH2, because the former was expected to lower the pK, of the phosphonate and to increase the electrophilicity of the carbonyl next to CF2. N-Trityl-L-glutamic acid dimethyl ester was treated with lithio(difluoromethyl)phosphonate37 to give the difluoromethyl ketone 47 in 83% yield. The sterically hindered N-trityl group regioselectively drives the reaction to the y carbonyl group.38 Dcprotcction with iodotrimethylsi lane (TMS-I) followed by alkaline hydrolysis gave the ketone 46 as crystals. The corresponding alcohol 49 was also prepared by reducing the ketone 47. Although compound 46 was isolated as the keto form (13C NMR and elemental analysis), it exists as an equilibrium mixture of the hydrated form (a) and the keto form (b) in acidic media, while the cyclic imine form (c) predominates in an alkaline solution. The (c) highly electrophilic nature of the carbonyl group flanked by CF2 is also evidenced by the exclusive formation of the cyclic imine 50 from 47 by removing the amino protecting group.
Contrary to our initial expectations, the apparent inhibitory activity of 46 was very poor. y-GCase was not inhibited by relatively high concentrations of 46 under physiological conditions (pH 7.5). However, in acidic media where the hydrated form (a) and the keto form (b) are predominant, moderate inhibition was observed (47% inhibition at 0.3 mM The protected sulfoximine 53 was prepared by the stepwise oxidation of the S-methyl-L-cysteine derivative 52. A standard phosphoramidite method using 1H-tetrazole as a catalyst effected the adenylation of the S=NH nitrogen of 53 with 54.41 The amino group of the adenine ring was unreactive under tetrazole-or tetrazolium salt-catalyzed phosphinylation conditions, and no protection was necessary throughout the synthesis. As already seen in the N-phosphoryl sulfoximine 37, the P-N=S bond was hydrolytically stable even under acidic conditions, and compound 51 was obtained from 55 by a standard deprotection procedure including acid hydrolysis of acetal. The N-adenylated sulfoximine 51 was a potent slow-binding inhibitor that caused time-dependent inactivation of AS-A. The affinity of the inhibitor (Ki = 67 nM) was more than 25,000-times higher than that of the substrate (Asp, ATP). Interestingly, either diastereomer of the simple sulfoximine 56 was a rather poor inhibitor (Ki = 3.3 and 0.7 mM), suggesting that no mechanism-based adenylation occurred. This is in sharp contrast to the inhibition of y-GCase by 22c, where the sulfoximine nitrogen was phosphorylated by the enzyme itself to cause suicidal inhibition of the enzyme.
Assuming that compound 51 is a transition state analog, the X-ray diffraction analysis of the enzyme complexed with 51 successfully identified several important amino acid residues responsible for catalysis as well as for substrate binding ( Figure 7a ). For example, Arg 100 and Gln 116, which are hydrogen-bonded to the sulfoximine oxygen (5=0) of 51, are the key catalytic residues which stabilize the tetrahedral oxyanionic transition state by charge-charge interaction. A negatively charged carboxy group of Asp 46, which is close to the S-methyl of 51, promotes the nucleophilic attack of NH3 by abstracting a proton from NH4+ and stabilizes the -N F13+ of the transition state by electrostatic interaction (Fig-(a) (b) (c) Figure 6 . Proposed reaction mechanism of AS-A and transitionstate analogue inhibitor 51. ( 71 ) ure 7b, c). The carefully designed analog of the putative transition state thus revealed a structural basis for enzyme catalysis as well as for substrate recognition by the enzyme.
y-Glutamyl transpeptidase42
y-Glutamyl transpeptidase (EC 2.3.2.2, GGT) is the enzyme responsible for the first step in glutathione degradation and catalyzes the hydrolysis and transpeptidation of glutathione and its derivatives. 43 Since the formation of glutathione-S-conjugates is a major detoxifying pathway of a toxic substance, GGT plays a key role in biological detoxification through glutathione metabolism. 43 The reaction catalyzed by GGT is thought to proceed via the formation of a y-glutamyl-enzyme intermediate, followed by substitution by water, amino acids or peptides to form L-Glu and its amides (Figure 8 The synthesis is shown in Scheme 10. The phosphonic acid 60 derived from racemic 2-amino-4-phosphonobutanoic acid (59) was monofluorinated by diethylaminosulfur trifluoride (DAST). The negative charge on phosphonate oxygen significantly increased the hydrolytic stability of the fluorophosphonate, and compound 61 was isolated as dicyclohexylammonium salt by reversed-phase column chromatography on an ODS column eluted with MeCN-H20. Compound 61 was deprotected by hydrogenolysis to give the monofluoropho phonate 57 after purification by flash column chromatogr phy on neutral silica gel eluted with MeCN-H20. Compour 57 is relatively stable in an acidic aqueous solution, but easily hydrolyzed to the phosphonic acid 59 in alkaline 1 neutral media (t112 = 21.6 h and 20 min at pH 5.5 and 7. respectively).
The monofluorophosphonate 57 was an extremely potel irreversible inhibitor of GGT. The enzyme was rapidly inacl vated in a time-dependent manner, and no regain of activi was observed. Ion-spray mass analysis of the inactivate enzyme confirmed that compound 57 served as an active site-directed affinity label by phosphonylating the catalyt nucleophile to form a stable, anionic and tetrahedral tram tion-state-like adduct 58. The stable nature of 58 has enable the peptide mapping to identify the N-terminal Thr resich as the labeled site by ion-spray mass spectrometry. This is tl first chemical identification of the catalytic nucleophile GGT and gives structural evidence for the notion that GG is a member of N-terminal nucleophile hydrolases (Ntn-hydri lases) enzyme family. 45 
Concluding Remarks
We have designed and synthesized a series of specific inhibitors of ATP-dependent ligases and a transpeptidase. The basic idea in designing the inhibitors for use as mechanistic probes is to mimic the structural and electronic features of the high-energy reaction intermediate or transition state of the catalyzed reaction. According to this principle, the tetrahedral phosphinate-based inhibitors (1 and 20) and sulfoximines (22 and 51) have been synthesized for the inhibition of y-GCase and GSHase, and an electrophilic fluorophosphonate 57 has been used for mechanism-based affinity labeling of GGT. Although the use of a tetrahedral phosphorus or sulfur atom is a common practice in designing inhibitors of amide-hydrolyzing enzymes,3' 46 the introduction of such hetero atoms into the substrate surrogate does not guarantee successful inhibition. A good example is the moderate inhibition of y-GCase by the sulfone 21, as compared to the very strong mechanism-based inactivation by the sulfoximine 22c. The unusual chemistry of the phosphinates and sulfoximines as inhibitors of ATP-dependent ligases was originally and serendipitously found with the natural products: phosphinothricin47 and methionine sulfoximine23 as mechanism-based inhibitors of glutamine synthetase. However, the extension of the chemistry extracted from the initial findings has led to very strong inhibitors of mechanistically related enzymes. This is exactly what the design of enzyme inhibitors is all about, including the present studies. The successful inhibition of AS-A by 51 was a product of the sulfoximine chemistry derived from the inhibition of y-GCase. The idea of the monofluorophosphonate 57 was evolved from the chemistry of the organophosphorus inhibitors of serine hydrolases48 and an anionic phosphonic acid monoester as class C J3-lactamase inhibitors. 49 The carefully designed transition state analog inhibitors serve as extremely useful probes to understand the structural and mechanistic basis for enzyme catalysis. This was actually demonstrated by the X-ray crystallography of GSHase and AS-A complexed with lb and 51, respectively. The structures shown here have successfully identified the key amino acid 
